The influence of the solvent in nucleation of tolbutamide, a medium-sized, flexible and polymorphic organic molecule, has been explored by measuring nucleation induction times, estimating solvent-solute interaction enthalpies using molecular modelling and calorimetric data, probing interactions and clustering with spectroscopy, and modelling solvent-dependence of molecular conformation in solution. The nucleation driving force required to reach the same induction time is strongly solvent-dependent, increasing in the order: acetonitrile < ethyl acetate < n-propanol < toluene. The combined DFT and MD modelling results show that in acetonitrile, ethyl acetate and n-propanol the nucleation difficulty is a function of the strength of solvent-solute interaction, with emphasis on the interaction with specific H-bonding polar sites of importance in the crystal structure. A clear exception from this rule is the most difficult nucleation in toluene despite the weakest solvent-solute interactions. However molecular dynamics modelling predicts that tolbutamide assumes an intramolecularly H-bonded conformation in toluene, substantially different from and more stable than the conformation in the crystal structure, and thus presenting an additional barrier to nucleation. This explains why nucleation in toluene is the most difficult and why the relatively higher propensity for aggregation of tolbutamide molecules in toluene solution, as observed with FTIR spectroscopy, does not translate into easier nucleation. Thus, our combined experimental and molecular modelling study suggests that the solvent can influence on the nucleation not only via differences in the desolvation but also through the influence on molecular conformation.
Introduction
In crystallization processes, crystal nucleation very much determines important product characteristics like product crystal structure (polymorph) and crystal size distribution. However, crystal nucleation is very sensitive to the conditions of the process and is poorly understood. The sensitivity of crystal nucleation to solution chemistry has been known for over a century, 1 and is demonstrated in the influence of solvent on the rate of nucleation and on the nucleating polymorphic form. 2 As determined by adoption of the classical nucleation theory, the interfacial energy has been found to in some cases be inversely related to macroscopic properties like the solubility, 3 and the solvent boiling point. 4 The nucleation behaviour has also been correlated to solvation and deformation energies 5 as well as strength of solvent-solute binding and successive desolvation. 6, 7 Evidence is growing that the structural arrangement of clusters of solute molecules in solution affects the subsequent nucleation. 8, 9 Synthons formed in solution (such as dimers) are hypothesised to lead to increased propensity for nucleating corresponding crystal structures. The first direct evidence was reported for tetrolic acid 10 followed by benzoic acid, though no evidence was found for mandelic acid. 11 For nicotinamide FTIR and Raman spectroscopy suggest that solvents in which nicotinamide exists as chain-like clusters nucleate polymorphs of similar molecular arrangement, whereas solutions in which nicotinamide forms dimers nucleate the polymorph in which the dimer motif occurs. 12 Molecular dynamics simulations corroborate the influence of solvent on the solute synthon formation. 13 Related to the influence of solution structure is the influence of the solute conformation, for which the literature has recently been reviewed. 14 In general, it is found that the closer the conformational population in solution is to the conformer(s) in the nucleating crystal structure, the faster the nucleation becomes. 15 Different solvents can cause solute molecules to assume vastly different conformations, with the result that different solvents can nucleate different conformational polymorphs. 16 After statistically measuring the induction time in several organic solvents, 17 our group has recently shown that the rate of nucleation of salicylic acid, a small inflexible organic molecule, is related to the strength with which the solvent binds the molecule in solution. 6 A strong positive correlation is shown between the interfacial energy calculated from induction times and several experimental and modelled variables describing solvent-solute bonding at SA's carboxyl group: the carbonyl peak shift in the Raman spectrum for the salicylic acid monomer, the DFTderived (1:1) binding energy to the carbonyl group, the calorimetrically-derived enthalpy of solvent-solute interaction, and the DFT-derived solvation energy. In a similar study on risperidone, a larger and flexible molecule, we also found evidence suggesting that the difficulty of nucleation of this compound depends on the strength by which the solvent binds the risperidone molecules in solution. 7 To further probe the relationship between the solvent and nucleation, in the present work we investigate the effect of four different solvents on the nucleation of another medium-sized, flexible, polymorphic organic molecule: tolbutamide (TB). While essentially only one polymorphic form nucleated, the influence of the solvent on the rate of nucleation is more complex than that found for the two previous compounds. Spectroscopic analysis, calorimetry and molecular computations (molecular dynamics and density functional theory) are used to examine molecular conformation variations, solvent-solute interaction, and molecular clustering which enable us to rationalise the results.
Tolbutamide is a first-generation oral anti-diabetic drug that stimulates the secretion of insulin in the pancreas and is used in managing type II diabetes.
18
It has chemical formula C12H18N2O3S, systematic name n-[(Butylamino)carbonyl]-4-methylbenzenesulfonamide, and is shown in Figure 1 . Tolbutamide is a flexible organic molecule that crystallizes in six different crystal forms. The disagreement in published studies about the relationship between these has been recently resolved, 18 
Results

Nucleation
Induction times for nucleation of TB were recorded at a combination of different supersaturations and crystallization temperatures for four solvents (n-propanol, acetonitrile, ethyl acetate and toluene). The median induction time tind of each distribution is plotted against the nucleation driving force RTcrylnS in Figure 2 , calculated from the determined solubility data of tolbutamide metastable form I L reported in Supporting Information. Figure 2 reveals that within the experimental range nucleation appears to be relatively easy in acetonitrile followed in order of increasing difficulty by ethyl acetate, n-propanol, and finally toluene in which the highest driving force is required. To reach tind = 2h, nucleation requires a driving force RTlnS = 0.95 kJ mol -1 in acetonitrile, 1.44 in ethyl acetate, 1.77 in n-propanol and 2.11 in toluene (Table 1 ). An evaluation within the classical nucleation theory (CNT) was also carried out, and interfacial energies and pre-exponential factors are given in Table 1 . The interfacial energy increases in the same order as the driving force values given above, except for that the interfacial energy of tolbutamide in n-propanol is somewhat higher than that in toluene. The interfacial energy shows some correlation to the solubility and to the solvent boiling point. In spite of the low number (3 -4) of median induction time values for each solvent, a detailed statistical analysis using survival analysis techniques shows that there is a statistically significant difference between the (CNT) regression equations for all four solvents for both slopes and intercepts. A similar analysis performed on the data representation in Figure 2 verifies that these lines are also statistically significantly different. For more details on the CNT evaluation and the statistical analyses please refer to the Supporting Information. Detailed induction time distributions and solubility data are reported in the Supporting Information.
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This article is protected by copyright. All rights reserved. . Table 2 shows various thermodynamic quantities obtained from the calorimetric work (for more details please refer to the Supporting Information). The enthalpies of solvent-solute interaction increase in the order of toluene < npropanol < ethyl acetate < acetonitrile, and differ completely from the nucleation order. 
Molecular Computations
Molecular interaction analysis
A tolbutamide molecule has an amphiphilic character clearly indicated by the distribution of the electrostatic potential (for more details please refer to Supporting Information). The centre of the molecule features a hydrophilic sulfonylurea unit that combines two sulfone oxygens and one carbonyl oxygen, and two amide hydrogens ( Figure 1 ). These five atoms are easily accessible for H-bonding and as is shown in Figure 3 , a single tolbutamide molecule in the crystal lattice of form I L creates six intermolecular H-bonds. The toluene and n-butane end-groups have predominantly hydrophobic character, and thus are expected to yield much weaker intermolecular interactions. MD-calculated interaction enthalpies for a solute molecule (tolbutamide) and a solvent molecule, respectively, in equilibrium with bulk solvent, and the interaction enthalpy of the tolbutamide molecule in the crystal lattice of form I and form II (solute-solute) are given in Table 3 . 
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The solute-solvent interaction enthalpies range from -188 kJ mol -1 in toluene to -272 kJ mol -1 in n-propanol, and increases in the order: toluene < ethyl acetate < acetonitrile < n-propanol, This order deviates from the nucleation order reported above, especially with respect to toluene but also with respect to ethyl acetate versus acetonitrile, and accordingly deviates from our previous findings for salicylic acid and risperidone 6, 7 where the difficulty of nucleation increases with increasing solvent-solute binding. However, like in those previous studies the binding to specific domains of the solute molecule needs to be analysed. Figure 4 shows the DFT-calculated (1:1) solute-solvent interaction energies for three different sites at the solute molecule: polar amide (NH) groups (site 1), polar carbonyl (C=O) group (site 2), and a non-polar toluene group (site 3). It should be noted that the sulfonyl oxygens of TB are involved in binding the solvent molecules at all three interaction sites, especially considering n-propanol, where S-O … H-O H-bonding is formed. , calculated at B2PLYP-D3/def2-QZVP level. Hydrogenwhite, carbon -grey, oxygen -red, nitrogen -blue, sulphur -yellow.
Overall the solvent-solute binding appears to be the strongest at site 1 and the weakest at site 3, and at all sites the bonding of toluene is the weakest among the solvents. The strongest solute-solvent binding at site 1 is observed for ethyl acetate (-41.1 kJ mol -1 ), followed by acetonitrile (-38.5 kJ mol -1 ), npropanol (-34.6 kJ mol -1 ), and toluene (-22.8 kJ mol -1 ). The bonding of the H-bond accepting oxygen and nitrogen respectively of ethyl acetate and acetonitrile is strong to the two adjacent amine groups of the tolbutamide molecule. It should be noted that n-propanol is the only solvent that can also make Hbonding to the sulfonyl oxygens. Thus, if considering that in bulk solution the interaction strength would be a sum of all the Hbonds created, the alcohol is expected to bind relatively stronger at site 1 as compared to the other solvents. The hydrogen bond donating functionality of the alcohol group also gives n-propanol the strongest binding to the carbonyl group at site 2, ethyl acetate yields the second strongest interaction (-18.0 kJ mol -1 ) at site 2, followed by acetonitrile. At the non-polar site 3, npropanol is still binding stronger than the other solvent molecules because of hydrogen bonding to the adjacent sulfonyl groups, however closely followed by acetonitrile. Toluene has the weakest binding at both site 2 and 3. Noteworthy, only the DFT binding energies for the non-polar site 3 follow the order of the solute-solvent interaction enthalpies calculated with MD (cf. 
Conformational analysis
Six new conformers (local energy minima) are found to be distinguished from the initial crystal-like FII conformation, by energy barriers (energy maxima) of 21-72 kJ mol -1 ( Figure 5 ).
These barriers are substantially larger than those for risperidone (10-26 kJ mol -1 ). 7 A full (360°) scan over the rotational centre R1 Interestingly, three of the new conformers are substantially different from their crystal counterparts as they feature intramolecular H-bonding between the sulfonyl oxygen and the amide hydrogen (S=O … H-N) (cf. Fig. 5b and 5c). They are energetically more stable by 4-14 kJ mol -1 compared to the relaxed crystal-like F II conformation. Figure 6 shows the radial distribution functions (RDF) derived from our MD simulations for two pair distances: (1) O…H, which reflects the propensity for formation of intramolecular H-bonding, and (2) C1…C2, which indicates the extent of the U-shape-like bending in the tolbutamide molecule. The results show that the probability for a particular interatomic pair distance, which is related to a certain geometrical feature, strongly depends on the solvent environment. Three types of conformers are derived from the MD simulations: (a) elongated, (b) U-shaped, and (c) 10 .1002/chem.201705954
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intramolecularly H-bonded shown along with their relevant interatomic distances in Figure 6 (a, b and c), respectively. The RDFs in n-propanol and acetonitrile are quite similar for both the pair distances with clear maxima at ca. 4.75 Å for the O…H pair. The distribution of the C1…C2 pair distances in n-propanol features a clear maximum at ca. 4 Å and broad lower intensity band spanning 7-11 Å; this suggests predominance of the Ushaped conformation as in Figure 6b , but also the presence of linear conformations being similar to that in Figure 6a . Also in acetonitrile there are U-shaped and linear conformations; however, the former seems to be less frequent than in npropanol. The distribution of the O…H and C1…C2 distances in ethyl acetate suggests predominance of the linear to a weakly bent type of tolbutamide conformers. It appears that the O…H distance of ca. 2 Å, being associated with the intramolecular Hbond between the sulfonyl oxygen and the amide hydrogen (S=O … H-N), is pronounced only in toluene (cf. Figure 6c ). This is exactly the same intramolecular H-bonding that has been predicted with our DFT calculations (cf. 5b and 5c). Regarding the C1…C2 distances, the range of 4.5-11 Å with the maximum at ca. 9 Å suggests that in toluene the intramolecularly Hbonded tolbutamide molecule would prefer to adopt a more open conformation as compared to the U-shaped conformations being preferentially formed in n-propanol. , red numbers) in the gas-phase for five rotational centres R1-R5 (single bonds highlighted in yellow) of the tolbutamide molecule. The new conformers (local energy minima) resulting from the rotation, with their relative energies (kJ mol -1 , black numbers) calculated as a difference between the conformer energy and the relaxed conformation of the tolbutamide form II. DFT calculations performed at B97-D3/6-31G(d,p) (geometry) and B2PLYP-D3/def2-QZVP (energy). 
FTIR spectroscopy
Solid state FTIR spectra of the three relevant polymorphs of tolbutamide, along with the solution spectra and the simulated vibrational modes for the relevant modelled structures are shown in Figure 7 . The spectra of the three polymorphs of the tolbutamide solid differ in relative intensity of bands and slightly in their positions reflecting subtle differences in the intermolecular interactions. The dominant peaks at 1655-1660 cm -1 are associated with the strongly H-bonded C=O group, where the carbonyl oxygen is bound to two amide hydrogens in the urea-type H-bonding. The low-intensity peaks observed at 1702 cm -1 may indicate weakening of the H-bonding interactions of the C=O groups, 6, 7 being located in domains of lower crystallinity of the TB solids. The low-intensity peaks at 1599 cm Accepted Manuscript
Chemistry -A European Journal
This article is protected by copyright. All rights reserved. The solution spectra in all four solvents feature the carbonyl band at higher wavenumbers than in the crystal forms revealing the expected weaker interactions of the C=O group in solution. The carbonyl band in n-propanol is relatively broad and symmetric, in contrast to the C=O bands in the other solvents showing shoulders (in acetonitrile and ethyl acetate) and a separate peak (in toluene) at a lower wavenumber of ca. 1690 cm -1 . The aromatic ring vibrations at 1601 cm -1 are virtually independent of the solvent environment. On the other hand, the maximum of the N-H bending mode in n-propanol is shifted by ca. The previous conformational analysis (DFT) suggests that tolbutamide can adopt a relatively stable intramolecularly Hbonded conformation which would be the dominant conformation in toluene (MD). Since the simplest molecular assemblies existing in solution are dimers, we have compared the energetic stability of such TB dimers with dimers of conformers making up the F I and F II crystals ( Figure 8 ). The intramolecularly H-bonded dimers are made of two types of conformers: (i) U-shaped, and (ii) more open (elongated) (cf. Fig.  5b ). It is found that these dimers feature two unconstrained N-H … O=C H-bonds, having binding energies comparable to the dimers made of FI and FII conformations. The preference for the formation of the particular dimer type depends on the availability of the particular monomer, which as suggested by our MD simulations, depends on the solvent. Thus the FI and FII types of dimers would be preferentially formed in n-propanol and 10.1002/chem.201705954
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This article is protected by copyright. All rights reserved. originate from either clustering through the crystal-like type of Hbonding, or as a result of a formation of the dimers composed of the intramolecularly H-bonded TB molecules. As already discussed, such non-crystal like dimers are expected to be equally stable as compared to their crystal-like equivalents (cf. Fig. 8 ).
Discussion
In our previous nucleation studies on salicylic acid, 6 a smaller simple molecule, the strongest correlation of the nucleation behaviour was found to be against the energy of binding the solute molecule to the first solvation shell as calculated by DFT. For risperidone, 7 a clearly larger molecule with conformational flexibility, similar solvation shell DFT calculations could not be performed but a strong correlation was found between the nucleation and the (1:1) solvent binding strength to the carbonyl group calculated by DFT. In both cases computational results for the interactions at the carbonyl site were corroborated by spectroscopic data, and in the case of salicylic acid calorimetric measurements over solute-solvent interactions placed the solvents in the same order as the DFT solvation shell interaction energies. Calorimetric determinations were not successful in the case of risperidone. In the present study, the difficulty to nucleate tolbutamide increases in the order: acetonitrile < ethyl acetate < n-propanol < toluene. As is shown in Figure 9a this order shows a clear linear relationship with the DFT calculated solvent-solute binding energy at the carbonyl group, site 2, with the very clear exception of toluene. Noteworthy, the same relationship can be observed if the DFT binding energies for the polar sites 1 and 2 are summed up. As is shown in Figure 9b , the order between all four DFT calculated binding energies to site 2 is reasonably well corroborated by the IR carbonyl stretching peak position reflecting the strength in the solute-solvent binding. As was the case for risperidone, the DFT calculations of the solute molecule binding to its first solvation shell cannot be done with a reasonable effort because of the size of the molecule, and instead MD simulations have been performed. However, as is shown in Figure 9c , the MD calculated solvent-solute interaction enthalpy does not show a similar pattern to the nucleation behaviour. Not only is the nucleation in toluene much more difficult than suggested by the MD interaction energy but now also the order between ethyl acetate and acetonitrile is reversed.
As is shown in Figure 9d , the linear relationship between the MD calculated interaction enthalpy and the interaction enthalpy determined by calorimetry is strong except for that the calorimetric value for n-propanol is clearly much lower in relation to the other solvents than that found in the MD simulations. Considering the propensity of propanol for formation of strong Hbonds, the calorimetric value appears very low. The SPT approach used to calculate the calorimetric enthalpy of cavity formation assumes molecules to be spherical and can be very sensitive to the values of solvent and solute diameters. Inaccurate results may be obtained for solvents with strong, directional and non-additive interactions such as alcohols, 24 and of course the tolbutamide molecule is far from being spherical. Accordingly we find reason to treat the calorimetric enthalpy of interaction values with greater caution, and we propose that the order between the solvents given by the MD calculations more correctly describe the overall (not site specific) interaction between the solvent and the solute. 
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As was already indicated in the work on risperidone, the influence of the solvents on the nucleation may very well be more governed by specific interactions rather than by the overall solvation energy. If we consider that the crystal structure of the form I L crystal (Figure 3 ) is based on intermolecular hydrogen bonding, it is possible to envisage that the strength of binding of a solvent to tolbutamide's polar groups is more influential in determining the ease of nucleation than the interaction enthalpy of the entire molecule.
The explanation to the difficult nucleation in toluene can be found in the conformational analysis. In toluene, the distribution of O…H distances calculated from the MD trajectories shows a maximum at ca. 2 Å suggesting tolbutamide to primarily exist as a conformer with intra-molecular hydrogen bonding. This observation is corroborated by our results of the DFT conformational analysis, where we have in fact predicted the existence of intramolecularly H-bonded conformations of tolbutamide. The DFT calculations also indicate that the formation of the intramolecular H-bond gives 4 -14 kJ mol -1 additional stabilisation to the ground-state energy of the tolbutamide molecule. In order to nucleate form I L , the tolbutamide molecules would have to transform to the crystallike conformer, and with the presence of intra-molecular Hbonded conformers this transformation could be quite difficult. In fact, the conformational analysis indicates that such a transformation can be a multistage process and the energy barrier for interconversion between the intramolecularly-Hbonded conformation and the non-intramolecularly-H-bonded can be as high as 42 kJ mol -1 , which according to recent reports 25 is of sufficient magnitude to influence the overall nucleation process. Furthermore, the FTIR solution spectroscopy suggests that clustering of tolbutamide molecules in toluene occurs even at low solute concentration, in line with the lowest solute-solvent interaction enthalpy observed in this solvent. If we consider that the intramolecularly H-bonded conformers are preferentially formed in toluene (MD prediction) they could potentially combine into dimers similar to those we predict with DFT (cf. Figure 8) ; such dimers are relatively stable (ΔE ~ -60 kJ mol -1 ) and are of comparable stability to the crystal like dimers. Thus, it can be estimated that energy of about 60 kJ mol -1 would be needed to break the crystal incompatible dimers into monomers, and further 20 to 40 kJ mol -1 in order to interconvert those intra-Hbonded monomers into the crystal-like conformation. This could explain why nucleation from toluene is very difficult despite weak solvent-solute interactions. Unfortunately, despite our efforts, we were not able to evidence the existence of the intra-molecularly H-bonded monomers and dimers with FTIR spectroscopy, due to similarity with the vibrational modes of the crystal-like dimers (cf. Supporting Information). In acetonitrile, the radial distribution functions of the C1…C2 distances ( Figure 6 ) suggest that tolbutamide may exist as both a conformer similar to that in tolbutamide form I L (U-shaped), and as an elongated molecule, similar to the conformation in form II (b and a in Figure 6 , respectively). However, in ethyl acetate tolbutamide only appears to exist as the elongated conformer found in form II (Figure 6a ). Thus the nucleation of the metastable form I L , would be more difficult from ethyl acetate than from acetonitrile from a conformational point of view, and this gives an additional aspect explaining why nucleation in ethyl acetate is more difficult than in acetonitrile, besides the fact that ethyl acetate binds stronger to both polar sites. In summary, as is illustrated in Figure 10 : in n-propanol, ethyl acetate and acetonitrile the nucleation of tolbutamide is governed primarily by solvent-solute interaction strength, overall to some extent captured by the interaction with the entire bulk solvent environment, but for a more detailed understanding requiring emphasis on the interaction with specific H-bonding polar sites of importance in the crystal structure. In toluene however the deciding factor is not the solvent-solute interaction strength, which is the weakest, but the propensity for the existence of intra-molecularly H-bonded ("wrong") conformers with tendency for dimerization. This "wrong" conformation adds an additional barrier to crystal nucleation. 
Conclusions
The nucleation of tolbutamide metastable form I L shows a clear dependence on the solvent, with nucleation becoming more difficult in the order: acetonitrile < ethyl acetate < n-propanol < toluene. We observe that the trend of increasing nucleation difficulty with increasing solvent-solute binding in general, recently found for salicylic acid and risperidone, does not describe the tolbutamide results. We provide possible explanations for this deviation. Firstly, it is shown that the strength of binding of solvents at the polar sites of tolbutamide, matches the order of nucleation difficulty for all solvents except toluene, and it is not unreasonable that the nucleation is more sensitive to desolvation of these specific H-bonding polar sites of importance in the crystal structure. Secondly, the MD based radial distribution functions suggest that the tolbutamide molecular conformation in ethyl acetate is more adapted to the I L form than the conformation in acetonitrile giving additional support to the reversed order of nucleation between ethyl acetate and acetonitrile. Thirdly, of significant importance is that the DFT conformational analysis reveals the possible existence 10.1002/chem.201705954
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of energetically preferred non-crystal-like conformations of tolbutamide featuring an intramolecular S=O … H-N H-bond and separated by a quite large energy barrier from the crystal-like conformations. MD simulations suggest this configuration to be found in toluene only and thus explaining the particular difficulty of nucleating tolbutamide in toluene, in spite of the weak solventsolute binding. Our experimental nucleation data in combination with the modelling results overall suggest that in case of tolbutamide the previously observed influence of desolvation on the nucleation process needs to be complemented by a second mechanism, namely the formation of crystal-incompatible conformers in solution, in particular, the intramolecularly Hbonded conformation of tolbutamide in toluene. From the application point of view, the new mechanistic insight provided by our study could aid rational solvent selection for crystallization processes of organic molecules, especially those exhibiting propensity for intramolecular hydrogen bonding.
Experimental Section Methodology
All chemicals were used as-received. Suppliers, purities, solubility measurements and related solid phase characterisation methodology and results can be found in the Supporting Information.
Induction Times
Induction times have been measured using the method previously described, 7, 17 with minor deviations outlined in the Supplementary Information. Briefly, the experiments were carried out in 20 mL stirred vials, and repeated 50-100 times for each condition to capture the stochastic variation. The induction times were determined with camera observation of the nucleation event. From the induction time distribution, the median induction time is taken as the most appropriate point estimate of the average tind. The supersaturation is varied by varying the crystallization temperature (by at most 4 ˚C) while keeping the concentration constant, re-using the same solutions to reduce the consumption of chemicals. The nucleating polymorph was carefully monitored by Raman spectroscopy (see Supporting Information). Only the metastable form I L was found with very few exceptions where the stable form II appeared, and induction time data presented here are for the I L form only.
Calorimetry
To estimate the enthalpy of solute-solvent interaction, the enthalpy of solution, ΔHsolution, is determined using a precision solution calorimeter (TA Instruments, USA) combined with a thermal activity monitor, giving a temperature control of ±0.0001 °C. The enthalpy of cavity formation is calculated by the Scaled Particle Theory, and the enthalpy of sublimation is calculated using the reported lattice energy of TB = -168.22 kJ mol -1 , 23 following the procedures described in previous work 6 (details are given in Supporting Information).
IR Spectroscopy
As spectral positions of the ν(C=O) and δ(N-H) modes are sensitive to the strength of intermolecular interaction, these have been examined for solvation and clustering of the TB molecules in the different solvents at different concentrations. FTIR spectra of the solid forms were collected using a Perkin Elmer spectrum 100 spectrometer fitted with universal ATR accessory and lithium tantalite detector. The spectral data were collected in the region of 4000-400 cm -1 with resolution of 4 cm . However, this band cannot be clearly observed as it is overlapped by a set of bending vibrations of aliphatic and aromatic C-H groups. For the same reason, the sulfonyl (SO2) group absorbing at frequencies ranging from 1350 to 1050 cm -1 cannot be used to give clear indication of H-bond formation. To collect solution IR spectra at different concentrations the saturated solution was prepared first at ambient temperature (20-22 °C) and scanned. Solutions with lower concentration were then prepared by stepwise dilution with pure solvent and collection of the IR spectra.
Statistical Analysis
Survival analysis 26, 27 was used to give estimates of times to nucleation.
All data points (>1300 samples) were included in the survival analysis which unlike other methods e.g. standard regression, incorporates information from samples for both events which have occurred (nucleated) and those which have not yet occurred. The Cox proportional hazards model 28 was found to fit the data well (p<0.001) and applied to investigate differences between the solvents and concentrations as well as to estimate median times. Standard linear regression methods were then used to develop regression equations for each solvent system. The linear regressions were carried out separately for both the actual medians (3-4 concentrations per solvent) and for the medians predicted from the Cox proportional hazards models (7 concentrations per solvent). Differences between the slopes and intercepts of the regression equations for all four solvents were examined. Details of the methodology and the actual results are shown in Supporting Information.
Computational Methods
Molecular modelling has been employed to calculate equilibrium geometries, energetics and vibrational modes (FTIR) of a single TB molecule, and of solute-solute and solute-solvent aggregates using Density Functional Theory (DFT). Conformational analysis of the tolbutamide molecule has been carried out both in the gas-phase by DFT and in the explicit solvent environment using molecular dynamics (MD) simulations. Enthalpies of interaction of a solute molecule with the surrounding bulk solvent (ΔHsolute-solvent), of a solvent molecule with the surrounding bulk solvent (ΔHsolvent-solvent), and of a solute molecule with its surrounding crystal structure (ΔHsolute-solute) have been estimated using MD.
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This article is protected by copyright. All rights reserved. ). In the molecular dynamics (MD) and DFT modelling work, the Z-like conformation is used as the starting geometry. Besides being the most stable in gas phase, it may also be energetically preferred in a solution environment where the constrained U-shaped conformation(s) would not be sufficiently stabilized by interactions with solvent molecules. The Z-like conformation is also a better starting geometry for the conformational analysis since in a U-shaped geometry a rotation over certain single bonds is prohibited due to a steric hindrance. A further reason is that using the Z-like conformation of FII would allow for calculating more accurate binary solute-solvent interactions with DFT, as the overlapping of atomic orbitals, and the resulting basis set superposition error for the Z-shaped TB molecule would be smaller than for the U-shaped geometry.
FULL PAPER
The equilibrium geometries of the TB monomers/dimers in isolation (gasphase) are calculated with DFT using a B97-D3 Grimme's functional, 29 and a Gaussian-type 6-31G(d,p) basis set. 30 Energies are calculated for the fully optimized structures using a double hybrid B2PLYP-D3 functional, 31 which combines exact Hartree-Fock exchange with an MP2-like correlation and long-range dispersion corrections; here we use a basis set of quadruple-ζ valence quality (def2-QZVP).
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A tolbutamide molecule has a number of single bonds that can act as rotational centres. Accordingly, in the intrinsically dynamic solution environment, the molecule can exist in a variety of molecular conformations at different concentrations, depending on energy barriers and relative stability. Conformational analysis of the tolbutamide molecule and binding energy calculations are carried out at DFT level according to our previous work. 7 The (1:1) solute-solvent interaction energies for three different sites at the solute molecule: polar amide (NH) groups (site 1), polar carbonyl (C=O) group (site 2), and a non-polar toluene group (site 3) are calculated at the DFT B97-D3/6-31G(d,p)//B2PLYP-D3/def2QZVP level (for details please refer to Supporting Information). Infrared spectra have been calculated at the B97-D/6-31G(d,p) level for the solute-solvent agglomerates of (i) 1 TB molecule + 4 solvent molecules and (ii) 2 TB molecules (a dimer) + 8 solvent molecules, and optimized at the B97-D/6-31G(d,p) level. The simulated spectra did not feature imaginary (negative) frequencies. The DFT calculations were performed using the GAUSSIAN 09 package. 33 MD simulations were employed to quantify the solvent-solute and solvent-solvent interaction enthalpies in bulk solution of the four different solvents. In addition, interactions of a tolbutamide molecule within the crystal bulk of both form I L and form II has been calculated. The simulations were performed using the COMPASS II force field 34 along with the force field assigned charges as implemented in the Forcite module of the Materials Studio software package (the detailed methodology can be found in Supporting Information).
Interaction energies have been calculated for the MD-equilibrated systems by considering three types of interaction: (i) between the tolbutamide molecule and the surrounding molecules of bulk solvent (solute-solvent), (ii) between a solvent molecule interacting with bulk solvent (solvent-solvent), and (iii) between the tolbutamide molecule interacting in its crystal lattice (solute-solute). To calculate the solventsolute interaction, the force field total energy is calculated for the three following components/structures: (1) the MD-equilibrated box of solvent + solute, (2) the box containing only solvent molecules, with a cavity left after removal of the tolbutamide molecule, and (3) the removed solute molecule in its non-relaxed geometry. The calculated energies are temperature dependent, thus the interaction energies are here referred to as interaction enthalpies and have been computed according to Equation (1) as illustrated in Figure 11 : 
